To study the physiological role of a single microRNA (miRNA), we generated transgenic mice expressing the miRNA precursor miR-17 and found that the mature miR-17-5p and the passenger strand miR-17-3p were abundantly expressed. We showed that mature miR-17-5p and passenger strand miR-17-3p could synergistically induce the development of hepatocellular carcinoma. The mature miR-17-5p exerted this function by repressing the expression of PTEN. In contrast, the passenger strand miR-17-3p repressed expression of vimentin, an intermediate filament with the ability to modulate metabolism, and GalNT7, an enzyme that regulates metabolism of liver toxin galactosamine. Hepatocellular carcinoma cells, HepG2, transfected with miR-17 formed larger tumors with more blood vessels and less tumor cell death than mock-treated cells. Expression of miR-17 precursor modulated HepG2 proliferation, migration, survival, morphogenesis and colony formation and inhibited endothelial tube formation. Silencing of PTEN, vimentin or GalNT7 with their respective siRNAs enhanced proliferation and migration. Re-expressing these molecules reversed their roles in proliferation, migration and tumorigenesis. Further experiments indicated that these three molecules do not interact with each other, but appear to function in different signaling pathways. Our results demonstrated that a mature miRNA can function synergistically with its passenger strand leading to the same phenotype but by regulating different targets located in different signaling pathways. We anticipate that our assay will serve as a helpful model for studying miRNA regulation.
Introduction
MicroRNAs (MiRNAs) are short strands of RNAs, 18-24 nucleotides in length. Most miRNAs bind and target the 39-untranslated region (39UTR) of mRNAs with imperfect complementarity and function as translational repressors. Conversely, it has been demonstrated that the 39UTR and other non-coding RNAs can regulate miRNA functions (Jeyapalan et al., 2011; Lee et al., 2009; Lee et al., 2011) . This newly discovered class of regulatory molecules has been demonstrated to exert diverse biological functions in regulating cell activities such as cell proliferation Viticchiè et al., 2011; Yu et al., 2012) , cell differentiation (Goljanek-Whysall et al., 2012; Guo et al., 2012; Kahai et al., 2009) , apoptosis , morphogenesis (Wang et al., 2008a) , invasion Luo et al., 2012) , tissue growth (Shan et al., 2009) , tumor formation (Nohata et al., 2012; Volinia et al., 2006) , angiogenesis Smits et al., 2010; Zou et al., 2012) , and metastasis (Huang et al., 2008; Ma et al., 2007; Rutnam and Yang, 2012a) . The most intensively studied miRNAs are those involved in cancer development. Among these miRNAs, some have been reported to function as oncogenic miRNAs, while the others have been shown to serve as tumor suppressors.
After being transcribed from the genomic DNA, a primary miRNA transcript usually consists of a miRNA cluster that gives rise to multiple precursors, followed by further processing to produce mature miRNA (Altuvia et al., 2005) . One of the most well studied miRNA clusters is miR-17,92 which has paralogs miR-106b,25 and miR-106a,363. Several miRNAs in these clusters have been reported to play important roles in cancer development through the repression of tumor-associated genes (Bonauer and Dimmeler, 2009; Fang et al., 2012; Sylvestre et al., 2007) . The oncogenic functions of miR-17,92, miR-106b,25 , and miR-106a,363 have been extensively reported (Dang, 2009; Fang et al., 2011; Landais et al., 2007; Matsubara et al., 2007) . Overexpression of the miR-17,92 cluster enhanced cell proliferation and reduced apoptosis by regulating cell-cycle progression (Hayashita et al., 2005; Matsubara et al., 2007; Mendell, 2005) .
Biogenesis of miRNAs is a complex mechanism that involves ribonuclease III type enzymes, which cleaves long doublestranded RNA molecules (Denli et al., 2004) . Initially, miRNAs are produced from primary RNA polymerase II transcripts by sequential processing within the nucleus, followed by the cytoplasm (Lee et al., 2003) . Nuclear precursor RNAs are cleaved by the endonuclease Drosha to release pre-miRNAs, which are 60-70 nucleotide-long imperfect hairpin structures (Lee et al., 2003) . After being transported to the cytoplasm by exportin-5, pre-miRNAs are processed by the endonuclease Dicer, producing a mature miRNA and a passenger strand (Kiriakidou et al., 2007) . The mature miRNA is the guide strand for regulation of gene expression, while the passenger strand is believed to be degraded and inactivated (Guo and Lu, 2010; Matranga et al., 2005) .
We have recently found that transgenic mice expressing miR-17 precursor produce comparable levels of mature miR-17-5p and passenger miR-17-3p (Shan et al., 2009 ). Wang and colleagues showed that miR-17-5p and miR-17-3p are differentially expressed (Wang et al., 2008b) . When adipocyte differentiation was induced, miR-17-5p expression levels were higher than those of miR-17-3p at early time points but the opposite trend was observed at later time points. This miRNA is a member of the miR-17,92 cluster which expresses six miRNA precursors and plays important roles in gene regulation (O'Donnell et al., 2005; Xiao et al., 2008) .
Results

Development of liver tumors in miR-17 transgenic mice
We have established a mouse line expressing miR-17 (Shan et al., 2009 ). To examine whether or not expression of miR-17 affected mature and aging tissue function, we examined organs from both wild-type (WT) and transgenic (Tg) mice and detected many liver tumors within the miR-17 transgenic mice (Fig. 1A , and supplementary material Table S1 ) but almost none in the wildtype C57BL/6xCBA mice (Fig. 1B) . Histological examination revealed a common trabecular pattern in the tumor sections of Tg mice (Fig. 1C) . Since this was an indication of hepatocellular carcinoma (HCC), we examined tumor sections in greater detail and observed a trabecular pattern, mitotic nuclei phenotype, and the presence of deformed nuclei of various sizes, all characteristic of HCC (Fig. 1D) .
The Tg tumors were analyzed for HCC marker expression including AFP, CD34, GPC3, Ki67 and p53. All were shown to be present in the Tg tumors ( Fig. 1E ; supplementary material Fig.  S1 ), except for p53, which was present in slightly more than half of the Tg tumors. The expression pattern of these five markers was similar to those found in HCC patient samples. It is known that ,50% of HCC patients are p53 positive. Interestingly, CD34 was not detected in the fatty livers with severe phenotype, but could only be detected when tumors were developed (Fig. 1F) .
miR-17 promotes tumorigenesis and angiogenesis by modulating various cell activities
We tested the role of miR-17 in liver tumorigenesis and angiogenesis. HepG2 cells stably transfected with miR-17 and mock were injected subcutaneously into nude mice. Eighty-nine days after injection, miR-17-transfected cells formed significantly larger tumors than mice injected with mocktransfected cells (Fig. 2A) . The tumor formation assay was repeated using the same conditions and similar results were obtained. In the tumor sections derived from mock-transfected cells, we observed cells with condensed and fragmented blue nuclei after H&E staining (Fig. 2B) , characteristic of dead cells. However, fewer such cells were found in the tumors formed by the miR-17 cells. The miR-17 tumors also had significantly more blood vessels than the control tumors as observed by probing with an anti-CD34 antibody ( Fig. 2C ; supplementary material Fig. S2A,B) , implying that miR-17 was involved in angiogenesis. This was consistent with our finding that the tumors developed in the Tg mice were highly vascularized. The tumor sections were also subjected to E-cadherin and TUNEL staining to confirm cell apoptosis. More apoptotic cells were detected in the control tumors than in miR-17 tumors (Fig. 2D) .
To test the effect of miR-17 on endothelial cell activities, we performed tube formation assays. The miR-17-or mocktransfected cells were mixed with YPEN cells and cultured in Matrigel. In the presence of the miR-17-transfected cells, YPEN cells formed larger complexes and longer tube-like structures compared with the control cells (supplementary material Fig.  S2C ), suggesting a role of miR-17 in supporting endothelial cell activity. To examine the role of miR-17 in liver cell activities, we stably expressed the miR-17 construct in HepG2 cells. Expression of mature miR-17-5p and miR-17-3p was upregulated in the miR-17-transfected cells compared with the control cells (Fig. 3A) . Analysis of the levels of both strands in a number of cell lines also showed comparable levels of miR-17-5p and miR-17-3p (Fig. 3B) . Although miR-17 has been found to be upregulated in HCC (Connolly et al., 2008) , the functional mechanisms of this miRNA is still poorly understood. We analyzed the effect of miR-17 on HepG2 cell activities. The miR-17 cells showed an elongated cell morphology (supplementary material Fig. S2D ) and cytoskeletal structure (supplementary material Fig. S2E ).
Next, both mock-and miR-17-transfected HepG2 cells were seeded in soft agarose for 15 days. MiR-17-transfected cells formed larger colonies than the mock-transfected cells (supplementary material Fig. S2F ). A significant increase in the number of colonies was detected in the miR-17-transfected cells compared with the control cells (Fig. 3C) . In cell proliferation assays, we observed that overexpression of miR-17 led to faster cell proliferation relative to the control ( Fig. 3D ; supplementary material Fig. S2G ). In survival assays, cells were maintained in serum-free conditions and allowed to overgrow, resulting in extensive cell death. Expression of miR-17 promoted cell survival compared with the control ( Fig. 3E ; supplementary material Fig.  S2H ). Wound healing experiments showed that the miR-17-transfected cells migrated into the wounded areas faster than the mock-transfected cells (supplementary material Fig. S3A) .
To confirm the function of miR-17, both mock-and miR-17-transfected HepG2 cells were transiently transfected with a construct expressing an antisense sequence against miR-17-5p. Transfection with inhibitors decreased levels of miR-17-5p and miR-17-3p, respectively (supplementary material Fig. S3B ). Examination of cell proliferation on days 1, 4 and 6 revealed that the antisense did not produce a significant effect on the control cells, but suppressed the growth of the miR-17-cells (Fig. 3F) , suggesting a major role of miR-17 in cell proliferation. This could be due to a limited effect of endogenous miR-17-5p and miR-17-3p on cell proliferation.
We tested the effects of miR-17 on two different liver tumor cell lines JHH1 and SNU-449 (from ATCC). Stable expression of miR-17 promoted proliferation of JHH1 and SNU449 cells (supplementary material Fig. S3C ). In tumor formation assays, only JHH1 cells were able to form tumors in nude mice. Expression of miR-17 enhanced tumor growth (supplementary material Fig. S3D ). Increased levels of both miR-17-5p and miR-17-3p were confirmed by real-time PCR (supplementary material Fig. S3E ). Immunohistochemistry analysis indicated that the miR-17 tumors expressed higher and stronger CD34 levels than the control tumors (supplementary material Fig. S3F ).
Examination of the tumor sections after H&E staining revealed extensive cell death in the control tumors but not in the miR-17 tumors (supplementary material Fig. S3G ), which was confirmed by TUNEL staining for quantification (supplementary material Fig. S3H ).
Expression of PTEN, Vimentin and GalNT7 is repressed
Computational algorithm indicated that the miR-17 precursor could produce a mature miR-17-5p and a passenger miR-17-3p strand (http://www.mirbase.org/cgi-bin/mirna_entry.pl?acc5MI0000071), which share no significant homology in their seed regions (supplementary material Fig. S4A ). We previously detected that the young Tg mice expressed both miR-17-5p and miR-17-3p at comparable levels (Shan et al., 2009 ). Here we examined both strands in the aging mice and found that both miR-17-5p and miR-17-3p were upregulated in the livers (supplementary material Fig.  S4B ) as well as in other organs (supplementary material Fig. S4C ). Expression of miR-17-5p was detected in livers at different time points (supplementary material Fig. S4D ). Direct evidence of the presence of miR-17-3p was provided by northern blotting (supplementary material Fig. S4E ). To support this observation, we expressed miR-17 in a number of cell lines including HepG2 (supplementary material Fig. S4F ), PC3, Hek293, and U87 (data not shown) and found that miR-17-5p and miR-17-3p were equally expressed.
It has been reported that cells expressing miR-17,92 express lower levels of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (Xiao et al., 2008 ), but it is not known which miRNA is responsible for the PTEN repression. PTEN deletion in mice hepatocytes developed phenotypes similar to those in HCC (Horie et al., 2004) . We analyzed PTEN levels and found that expression of PTEN was greatly repressed in the miR-17 mice compared with WT mice ( Fig. 4A ; supplementary material Fig. S5A ). To confirm this, we transiently transfected HepG2 cells with miR-17 and detected decreased levels of PTEN compared with mock-transfected cells (Fig. 4A) . Furthermore, HepG2 cells stably transfected with miR-17 expressed lower levels of PTEN (Fig. 4A) . Analysis of PTEN mRNA levels revealed a non-significant difference between both groups of We further examined PTEN repression in vivo. PTEN expression was greatly repressed in the miR-17 tumors (supplementary material Fig. S5C ). Western blot analysis showed that PTEN expression was lower in tumors formed by injection of miR-17-transfected cells than in tumors formed by the mock-transfected cells (Fig. 4A) . We further examined PTEN expression in liver tumors from both WT and Tg mice and observed a repression of PTEN expression in Tg livers relative to WT livers (supplementary material Fig. S5D ). These results were consistent with the expression pattern of PTEN from HCC patient samples.
Bioinformatics analyses indicated that there were two potential miR-17-5p target sites in PTEN 39UTR (Fig. 4B ). Luciferase assays were performed to confirm targeting of PTEN by miR-17-5p. We generated two PTEN 39UTR luciferase constructs (LucPten1 and Luc-Pten2) harboring the two binding sites of miR-17-5p and two constructs in which miR-17-5p target sites were mutated (Luc-Pten-mut1 and Luc-Pten-mut2) ( Fig. 4B ; supplementary 
.). (C) Percentages of colonies formed by mock-and miR-17-transfected HepG2 cells (p), and cells isolated from GFP and miR-17 tumors (t). (D)
The number of GFP-and miR-17-transfected cells was counted on days 1, 3 and 6 to determine proliferation rates. (E) miR-17-or mock-transfected cells were maintained in serum-free conditions. The surviving cells were harvested and counted. Transfection with miR-17 enhanced cell survival. (F) GFP-and miR-17-transfected cells were transfected transiently with miR-17-5p antisense. The cells were counted on days 1, 4 and 6 to determine growth rate. miR-17-transfected cells showed faster proliferation, but incubation with the miR-17-5p antisense abolished this effect. Asterisks indicate significant differences. Data are means 6 s.d., n512 trials, *P,0.05, **P,0.01.
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material Fig. S5E ). U343 cells (obtained from ATCC) were cotransfected with either PTEN 39UTR luciferase constructs (LucPten1 or Luc-Pten2) or mutant constructs (Luc-Pten-mut1 or LucPten-mut2), along with miR-17-5p oligos. Significant repression of luciferase activity was detected in both sets of Luc-Pten-transfected cells, while mutation of the binding sites reversed the effects of miR-17-5p on this repression (Fig. 4B) .
It has been reported that passenger miRNA strands are expressed at lower levels than their counterpart strand. Our results from in vivo and in vitro experiments indicated that the levels of miR-17-3p were, in fact, higher than that of miR-17-5p. Two questions were raised: whether miR-17-3p plays a role in the system of our studies and whether miR-17-3p could function synergistically with miR-17-5p, contributing to the phenotypes observed. Bioinformatics analyses indicated that miR-17-3p potentially targeted many mRNAs. We focused on those that were known to be important in cell metabolism, cell differentiation, and liver tumorigenesis. After extensive analysis with western blotting, we found that vimentin (GenBank accession no. NM_011701.4) and GalNT7 (NM_00116798.1) were of potential interest.
GalNT7 is an enzyme involved in the glycosylation of proteins (Kahai et al., 2009) , with a putative role in the initiation of O-glycosylation (Geary et al., 2009) . We found that GalNT7 expression was significantly lower in Tg liver lysates than in WT livers (Fig. 5A) . Repression of GalNT7 expression was found to be associated with the tumor area in the Tg liver (supplementary material Fig. S6A ). To confirm the association of GalNT7 inhibition with tumor formation, we analyzed GalNT7 levels in the HepG2 cells stably transfected with miR-17 or mock and observed repression of GalNT7 in the miR-17-cells (Fig. 5A) . Tumors formed by these cells in nude mice were also analyzed Bottom: U343 cells were co-transfected with miR-17-5p mimic and a luciferase reporter construct, which was engineered with a fragment of the PTEN 39UTR harboring the miR-17-5p target site (Luc-PTEN1 or Luc-PTEN2) or a mutant site (Luc-PTEN-mut1 or Luc-PTEN-mut2). As a negative control, the luciferase reporter vector was engineered with a non-related fragment of cDNA (G3R). Asterisks indicate significant difference. **P,0.01. Error bars indicate the s.d. (n53). The differently shaded bars show the results from three independent experiments. for GalNT7 expression. A clear-cut repression of GalNT7 in the miR-17 tumors compared with mock tumors was detected by western blotting (Fig. 5A ) and by immunohistochemistry (supplementary material Fig. S6B ), but not at the mRNA level (supplementary material Fig. S6C ).
To further confirm that GalNT7 was a target of miR-17-3p, we generated a luciferase construct harboring a fragment of the GalNT7 39UTR containing the miR-17-3p target sequence (LucGalNT7) (supplementary material Fig. S5E) . A mutant construct (Luc-GalNT7-mut) was also made (supplementary material Fig.  S5E ) by mutating the seed region targeted by miR-17-3p (Fig. 5B) . In three separate experiments, luciferase activity was significantly repressed when Luc-GalNT7 was co-transfected with miR-17 (Fig. 5B) . Mutation of the miR-17-3p target site abolished the effects of miR-17-3p, suggesting that miR-17-3p could repress GalNT7 expression by binding to GalNT7 39UTR. Sequence analysis indicated that the miR-17-3p target sequence was highly conserved across different species (supplementary material Fig. S6D ).
Vimentin is another potential target of miR-17-3p. The miR-17-3p target site of vimentin 39UTR has also been shown to be highly conserved across different species (supplementary material Fig. S6E ), suggesting a physiological role of this sequence. Vimentin is a cytoplasmic intermediate filament (cIF) which is widely distributed in most cell types (Klymkowsky et al., 1989) . Cells lacking vimentin are unable to transport low-density lipoprotein (LDL)-derived cholesterol from their lysosomes to the endoplasmic reticulum for esterification (Sarria et al., 1992) . It has also been reported that increased levels of cholesterol synthesis was detected in cells lacking a cIF network (Sarria et al., 1992) .
Using similar approaches, we examined vimentin expression in the miR-17 livers, miR-17-transfected HepG2 cells, and miR-17 tumors. In all these tests, we detected a repression of vimentin targeting GalNT7 and mutation of the target site. Bottom: Luciferase activity assays using a fragment of the GalNT7 39UTR indicated that miR-17-3p repressed luciferase activities when it harbored GalNT7 39UTR. The effects were abolished when the potential miR-17-3p target sites were mutated (n53, *P,0.05, **P,0.01). The differently shaded bars show the results from three independent experiments. miR-17 induces tumor formation 1523 levels (Fig. 6A) . We further examined vimentin levels in other tissues including heart, skin and lung. Vimentin expression was downregulated in the miR-17 transgenic heart and skin compared with the WT tissues (supplementary material Fig. S6F ). Immunohistochemical analysis of vimentin expression in the miR-17 livers showed that repression of vimentin expression was clearly seen in the liver tumors of the miR-17 mice (supplementary material Fig. S6G ). This was supported by immunohistochemistry of miR-17 and mock tumors, in which we observed that the miR-17 tumors, which were significantly larger in size, expressed much lower levels of vimentin than the mock tumors (supplementary material Fig. S6H ). We also confirmed that the miR-17 tumors derived from JHH-1 cells expressed lower levels of PTEN, GalNT7 and vimentin than the GFP tumors (supplementary material Fig. S7A ).
To further establish vimentin as a target of miR-17-3p, we generated luciferase constructs harboring the vimentin 39UTR (Luc-Vim) or mutated 39UTR (Luc-Vim-mut1 and Luc-Vim-mut2) (supplementary material Fig. S5E ). U343 cells were transiently transfected with Vim-39UTR constructs or the mutated constructs along with miR-17-3p oligos. Co-transfection with miR-17-3p reduced luciferase activity of Luc-Vim significantly, but not the activities of Luc-Vim-mut1 and Luc-Vim-mut2 (Fig. 6B) . Thus, we confirmed the effect of endogenous miR-17-5p and miR-17-3p by transiently transfecting HepG2 cells with these luciferase constructs. To confirm the effects of endogenous miR-17, we transfected HepG2 cells with Luc-PTEN1, Luc-PTEN2, Luc-GalNT7 and Luc-VIM constructs, all of which led to lower levels of luciferase activities than transfection with the control construct G3R (supplementary material Fig. S7B) . Mutation of the target sites abolished the effect of endogenous miR-17-5p and miR-17-3p.
Confirmation of miR-17-5p/miR-17-3p targeting
To confirm the targeting results, we transfected HepG2 cells with miR-17-5p and miR-17-3p inhibitors. We found that transfection with the miR-17-5p inhibitor enhanced PTEN expression, while transfection with the miR-17-3p inhibitor increased GalNT7 and vimentin levels (Fig. 7A ). This result demonstrated that both endogenous miR-17-5p and miR17-3p could contribute to the development of HCC.
To corroborate the results, small interfering RNAs (siRNA) complementary to PTEN, GalNT7 and vimentin were synthesized. Downregulation of PTEN, GalNT7 and vimentin were confirmed by Western blotting (supplementary material Fig.  S7C ). Cell proliferation assays showed that transfection with PTEN, GalNT7 or vimentin siRNA significantly enhanced HepG2 cell proliferation (Fig. 7B) , suggesting that PTEN-, GalNT7-and vimentin-mediated pathways were essential for miR-17-enhanced HepG2 proliferation. To confirm the involvement of these three targets on miR-17-mediated cell migration, wound healing assays were performed on the PTEN-, GalNT7-and vimentin-silencing HepG2 cells. We detected enhanced migration in the HepG2 cells transfected with siRNA targeting PTEN, GalNT7 and vimentin compared with those transfected with control oligos (Fig. 7C) . These results indicated that PTEN, GalNT7 and vimentin were highly associated with HepG2 cell migration. It also suggested that these three proteins could mediate miR-17 effects in these cells.
To further confirm that miR-17-5p/miR-17-3p targeting of PTEN, GalNT7 and vimentin could affect cell proliferation and migration, rescue experiments were performed. PTEN, GalNT7 and vimentin expression constructs were generated. HepG2 cells stably transfected with miR-17 were transiently transfected with one of the expression constructs and a control vector for proliferation and wound healing assays. Upregulation of protein expression after transfection with PTEN, GalNT7 and vimentin expression constructs was confirmed by western blotting (supplementary material Fig. S7D ). Significant suppression in cell proliferation was observed in the miR-17-cells transfected with PTEN, GalNT7 or vimentin compared with controls (Fig. 8A) . This further confirmed that PTEN-, GalNT7-and vimentin-mediated pathways were essential for miR-17-enhanced HepG2 cell growth. Fig. 7 . Confirmation of PTEN, GalNT7 and vimentin functions using siRNA. (A) HepG2 cells were transfected with miR-17-5p inhibitor (anti-17-5p), miR-17-3p inhibitor (anti-17-3p), or a control oligo, followed by target analysis by western blotting. Transfection with miR-17-5p inhibitor promoted PTEN expression, whereas transfection with miR-17-3p inhibitor increased levels of GalNT7 and vimentin. (B) HepG2 cells were transiently transfected with PTEN-, GalNT7-and vimentin-siRNA, and then used for proliferation assays. The number of cells was counted at different time intervals to determine proliferation rates. Silencing GalNT7, vimentin, or PTEN promoted cell proliferation. Data are means 6 s.d., n53, **P,0.01. (C) HepG2 cells were transiently transfected with PTEN-, GalNT7-or vimentin-siRNA, and were grown to sub-confluence. The monolayer of cells was scrapped for migration assays. The cells were fixed at the indicated time points. The distances between the wounded center and the front of the migrating cells (vertical axis) were measured. Silencing GalNT7, vimentin, or PTEN promoted cell migration. Data are means 6 s.d., n530, **P,0.01.
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We confirmed the involvement of PTEN, GalNT7 and vimentin on miR-17-mediated cell migration. We found that the enhanced migration of miR-17-transfected cells was abolished by overexpressing PTEN, GalNT7 or vimentin ( Fig. 8B ; supplementary material Fig. S8A ). These results suggested that miR-17-induced activation of cell migration was largely attributable to the loss of PTEN, GalNT7 or vimentin. Reintroduction of any of these targets into the miR-17-expressing cells reversed the effect of miR-17 on cell migration and proliferation. This suggested that PTEN, GalNT7 and vimentin were involved in mediating miR-17-enhanced cell migration and proliferation.
To determine whether the effect of miR-17 on tumor formation was due to the impairment of the above target proteins, we generated three expression constructs by inserting the coding sequences of PTEN, GalNT7 and vimentin into a retroviral vector pBABE, producing pBABE-PTEN, pBABE-GalNT7 and pBABE-Vim (supplementary material Fig. S8B ). The miR-17 stable HepG2 cells were transfected with these three constructs and the control vector, producing four different cell lines. The cell lines were injected subcutaneously into nude mice for tumor growth assays. The mice injected with the pBABE-transfected cells displayed much larger tumors than mice injected with the PTEN-, GalNT7-or vimentin-transfected cells (Fig. 8C) . Increased expression of these proteins was further supported by immunohistochemistry (supplementary material Fig. S8C ). These results indicated that PTEN, GalNT7 and vimentin were important molecules in mediating miR-17-enhanced tumorigenesis.
MiR-17 downregulates vimentin, GalNT7 and PTEN independently
Since PTEN is a negative regulator of PI3K and Akt signaling pathway, we analyzed Akt activity in HepG2 cells stably transfected with miR-17 and in tissues from the miR-17 transgenic and wild-type mice. We confirmed that expression of miR-17 enhanced levels of pAkt in miR-17-transfected HepG2 cells, and in miR-17 transgenic hearts, lungs and livers compared with controls (Fig. 9A) .
Our results above showed that PTEN, GalNT7 and vimentin could synergistically mediate miR-17-5p and miR-17-3p functions. We investigated whether there was cross-talk or any interactions between these three proteins. As mentioned previously, transfection of PTEN, GalNT7 and vimentin siRNAs repressed PTEN, GalNT7 and vimentin expression, respectively, in HepG2 cells (Fig. 9B) . We examined whether vimentin and GalNT7 expressions were affected by silencing PTEN in HepG2 cells. Our experiments indicated that silencing PTEN did not affect expression of GalNT7 and vimentin (Fig. 9C) , suggesting that GalNT7 and vimentin were not downstream of PTEN.
Using the same approach, we observed that downregulation of GalNT7 in HepG2 cells did not affect PTEN and vimentin expression (Fig. 9D) . Finally, vimentin silencing did not affect expression of PTEN and GalNT7 (Fig. 9E) . These results showed that none of the three molecules were downstream of each other. In other words, PTEN, GalNT7 and vimentin functioned independently in mediating the roles of miR-17-5p and miR-17-3p.
Discussion
Our results indicated that miR-17 induced the development of liver cancer, and these effects could partially be attributed to the mediation of PTEN and GalNT7 activity, which then functioned independently but lead to the phenotype observed. PTEN is well miR-17 induces tumor formation 1527 studied tumor suppressor (Horie et al., 2004) , while GalNT7 is a suppressor of metastasis mediating miR-30b/30d function (Gaziel-Sovran et al., 2011) . Previous studies have demonstrated that expression of the miR-17-92 polycistron is upregulated in hepatocellular carcinoma patients (Connolly et al., 2008; Li et al., 2009) . While expression of miR-122 is downregulated, miR-17 is upregulated in hepatocellular carcinoma patients and in rodent (Kutay et al., 2006) . It was shown that miR-17 could promote migration of HCC cells (Yang et al., 2010) . Our study and others suggest that miR-17 may function as an oncogenic miRNA in liver.
It is important to note that both mature miR-17-5p and the passenger strand miR-17-3p were involved. Although it is well accepted that the passenger strand of a siRNA does not play any function, the guide and passenger strands of miRNAs are not always perfectly complementary, suggesting that Dicer may not exert the same effect on a miRNA as it does to a siRNA. Dicer selects any one sequence of the hairpin structure as the guide strand and allows the rest to be degraded depending on environmental conditions. This possibility was supported by results from Wang and colleagues showing that miR-17-5p and miR-17-3p could be differentially expressed during different time point in cell culture (Wang et al., 2008b) and by our recent observation that both miR-17-5p and miR-17-3p were highly expressed in miR-17 transgenic mice. It is possible that Dicer and its associated proteins selectively generate the mature strands, the star strands or both based on the cellular needs. We have recently demonstrated that mice expressing miR-17 grew slower in the early stages of development (Shan et al., 2009) . It is possible that miR-17-5p and miR-17-3p target different mRNAs in different stages of development and play varying roles in development and tumorigenesis. How these two strands of miRNA coordinate regulation of protein expression leading to phenotypic change awaits further investigation.
The important finding in our study was that the mature miR-17-5p and the passenger strand miR-17-3p could cooperatively induce hepatocellular carcinoma. Normally, one strand of the miRNA is found much more abundantly expressed than the other strand. The abundant strands are referred to as abundant mature miRNAs or guide strand miRNAs. These mature miRNAs are highly conserved across vertebrates because they are important in regulating mRNA expression and function, and are believed to be the biologically active strands. On the other hand, the less abundant strands are less conserved with greater divergence observed across species. These less conserved strands also display greater divergence amongst members of the same family. It is believed that these less abundant strands are degraded by Ago2 becoming biologically inactive, and thus they are referred to as miRNA star (miRNA*) strands or passenger strands. The abundance of these star strands is dependent on the levels of degradation. Due to the divergence of these star strands, they are not reported as functional miRNAs. Nevertheless, further analysis found that there are some miRNA precursors that can produce two kinds of abundant mature miRNAs. Some star strands have been reported to play a regulatory role in mRNA expression. In this study, we report that the miR-17-5p and miR-17-3p were not only both abundantly expressed, but also acted in coordination to mediate the functions of miR-17. The combination of the miR-17 transgenic mouse model and the tissue culture systems in our study helped us investigate the different targets of miR-17-5p and miR-17-3p. Although functioning in different signal pathways, the three targets of miR-17 coordinately mediate the same function of this miRNA. This adds a new layer of understanding to the mechanism by which miRNA functions. In an accompanying paper, we report that one miRNA (miR-24) can target two molecules (PTPN9 and PTPRF), which coordinate the activation of EGFR and contribute to cancer metastasis (see Du et al., 2013 in this issue of Journal of Cell Science).
Materials and Methods
Construct generation
MicroRNA constructs that express miR-17 were designed by our lab and synthesized by Top Gene Technologies (Montreal, Canada). A cDNA sequence containing two human pre-miR-17 units was inserted into a mammalian expression vector pEGFP-N1 in the restriction enzyme sites BglII and HindIII. This plasmid was expected to simultaneously express miR-17 and GFP, producing both mature miR-17-5p and miR-17-3p. The control plasmid was the same except that the pre-miR-17 sequence was replaced with a non-related sequence (59-atacagtactgtgataactgaagtttttggaaaagctttagttattaa-39), serving as a mock control.
A luciferase reporter vector (pMir-Report; Ambion) was used to generate the luciferase constructs. A fragment of the 39-untranslated region (39-UTR) of mouse vimentin was cloned by RT-PCR using two primers, musVIM-R173p-SacI and musVIM-R173p-MluI. A fragment of the 39-UTR of mouse PTEN was cloned by using musPten3084-R17-SacI and musPten3084-R17-MluI. Thirdly, a fragment of the 39-UTR of mouse GalNT7 was cloned by using musGalNT7-R17*-SacI and musGalNT7-R17*-MluI. The PCR products were then digested with SacI and MluI and the fragments were inserted into a SacI-and MluI-opened pMir-Report Luciferase vector to obtain the luciferase constructs, Luc-Vim, Luc-PTEN and Luc-GalNT7, respectively. To serve as a negative control, a non-related sequence was amplified from the coding sequence of the chicken versican G3 domain using two primers, chver10051SpeI and chver10350SacI. We do not expect any endogenous miRNA to bind to this fragment as it is in a coding region.
To study the functions of the target proteins in miR17-regulated cell activities, vimentin and PTEN expression plasmids were purchased from Origene. We used these plasmids to generate retrovirus expression constructs. The GalNT7 cDNA containing the coding sequence was from ATCC. The PCR products of vimentin and PTEN were digested with BamHI and SalI while the PCR product of GalNT7 was digested with BclI and SalI. The digested vimentin and PTEN fragments were then inserted into a BamHI-and SalI-opened pBABE vector while the digested GalNT7 fragment was inserted into the SalI-and BamHI-opened vector.
Cell proliferation and survival assays
HepG2 cells (obtained from ATCC) stably transfected with miR-17 or GFP were seeded onto 12-well tissue culture plates in Dulbecco's modified Eagle's medium (DMEM) containing 5% fetal bovine serum (FBS) and maintained at 37˚C for 2, 5 and 7 days. The culture medium was removed and the cells were washed with PBS. The cells were harvested and cell numbers were determined with a Coulter counter. For survival assay, the cells were seeded on 35-mm culture dishes in serum-free DMEM, and incubated for different time periods. To modulate protein expression, a number of siRNAs, miRNA inhibitors and miRNA mimics were purchased from GenePharma (Shanghai, China).
Colony formation in soft agarose gel
One thousand cells were mixed in 0.3% low-melting agarose (Seaplaque, FMC) in DMEM supplemented with 10% FBS and plated on 0.66% agarose-coated six-well tissue culture plates, which prevented attachment of cells to the plates. The culture medium was replaced with 0.5 ml DMEM containing 10% FBS twice a week. Four weeks after cell inoculation, colonies were examined and photographed under a light microscope.
Tumorigenicity assays in nude mice
Five-week-old CD1 strain nude mice were injected with the miR-17-or vectortransfected HepG2 cells at a cell number of 5610 6 cells/100 ml PBS per mouse. The assay was performed as described previously (LaPierre et al., 2007; Wu et al., 2004) . Immunohistochemistry was performed on 5 mm paraffin sections mounted on charged slides. The sections were stained with Hematoxylin and Eosin (H&E), and immunostained with CD34 to detect blood vessels. Sections were also immunostained for expression of miR-17 targets including vimentin, PTEN and GalNT7. As well, sections were subjected to immunohistochemistry analysis for expression of markers of hepatocellular carcinoma including AFP, Ki67, CD34, p53 and glypican-3.
Cell migration assay
Cells in DMED containing 5% FBS were seeded at 70% confluence onto tissue culture plates and incubated at 37˚C for 24 hours. The confluent monolayer was subjected to migration assay as described previously (Rutnam and Yang, 2012b) .
Vector-or miR17-transfected YPEN cells were grown to ,80% confluent and then harvested from the plates by 0.05% trypsin with 0.53 mM EDTA. The cells were recovered by centrifugation, washed three times with IMDM, suspended in this medium at a density of 4610 4 cells/ml, and inoculated to matrix gel-coated eightchamber culture slides. The culture slides were pre-coated with 1% sterile agarose, and then coated with 100 ml Matrigel on top of the agarose gel. They were then air dried at 37˚C for 10 minutes before being used for cell inoculation.
Immunohistochemistry
Organs were freshly fixed in 10% neutral buffered formalin overnight, immersed in 70% ethanol, embedded in paraffin, and sectioned by a microtome (Leica RM2255). Sections (4 mm thickness) were deparaffinized in two changes of xylene for 5 minutes each and rehydrated by placing the slides three times in 100% ethanol, 3 minutes each time. Endogenous peroxidase activity was blocked by incubating the sections in 3% H 2 O 2 solution in methanol at 4˚C for 20 minutes. The sections were rinsed in TBS twice, 5 minutes each time. Antigen retrieval to unmask antigenic epitope was performed by heating the sections in sodium citrate buffer (pH 6.0) in a microwave pressure cooker for 4 minutes. Non-specific reactions with cellular proteins were blocked with 10% normal goat serum at room temperature for 30 minutes. The slides were then incubated in a humidified chamber at 4˚C overnight with primary antibody solution (primary antibody in TBS containing 10% normal goat serum and 1% BSA), washed three times in TBS, 5 minutes each time. They were then incubated with secondary antibody solution at 37˚C for 45 minutes and with ABC (Vector labs) in the same conditions, and stained with DAB according to manufacturer's protocols. The slides were subsequently countered stained with Mayer's Hematoxylin followed by slide mounting.
Western blot analysis
Protein lysates containing vimentin, PTEN, and GalNT7 were subjected to SDS-PAGE-western blot assays using the method described previously (Cao et al., 2000) .
Luciferase assay U343 cells were cultured on 24-well tissue plates in DMEM containing 10% FBS. The cultures were maintained at 37˚C and co-transfected with the luciferase reporter constructs and miRNAs mimics using Lipofectamine 2000. The cells were then collected and lysed with luciferase-specific lysis buffer from a Luciferase Assay Kit (Promega, Nepean, ON, Canada). Mixtures of cell lysates were centrifuged at 5000 rpm for 5 minutes. The supernatant were transferred into 96-well plates for luciferase activity measurement. In order to measure luciferase activity, the luciferase assay reagent was added to each well and luciferase activities were detected by using a luminescence counter (Parkard, Perkin Elmer, Woodbridge, ON, Canada). Acting as the internal control of b-gal activities, 90 ml of assay reagent (4 mg/ml ortho-nitrophenyl-b-galactoside, 0.5 M MgSO 4 , bmercaptomethanol and 0.4 M sodium phosphate buffer) was added to each well. The plates were then incubated at 37˚C for 1 hour. The absorbance at 410 nm was measured by using a microplate reader (Bio-Tek Instruments Inc., Winooski, VT, USA).
Real-time PCR
For mature miRNA analysis, total RNA was extracted with the mirVana miRNA Isolation Kit (Ambion) according to the manufacturer's instructions. The total RNA was extracted from ,1610 6 cells or ,0.05 g tissues, and was followed by performing cDNA synthesis using 1 mg RNA. Successive PCR was performed by QuantiMir-RT Kit using 1 ml cDNA as a template (Qiagen, miScript Reverse Transcription Kit, cat no. 218060; miScript Primer Assay, cat no. 218411; miScriptSYBR GreenPCR Kit, cat no. 218073). The primers specific for mature miR-17-5p and miR-17-3p were purchased from Qiagen. The primers used as realtime PCR controls were human-U6RNAf and Human-U6RNAr. The primers EGFP981F and EGFP-CApaI were used to detect GFP expression. Primers used as controls were Hu-Gapdh421F and Hu-Gapdh720R (for human cell lines). For the vimentin, PTEN and GalNT7 mRNA levels, total RNA was extracted by using the RNeasy mini kit (Qiagen). After determining RNA concentrations, 1 mg of total RNA was used in the SuperScript II reverse transcription reaction by using random primers and by following the company's instruction (Invitrogen). The sense and antisense primers used in PCR amplification of the three target genes and GAPDH are listed in supplementary material Table S2 . PCR was carried out at 94˚C followed by 25 cycles at 94˚C, 58˚C and 72˚C. The reaction was terminated with a product extension step at 72˚C for 10 minutes. Ten microliter aliquots of PCR products were loaded with loading buffer and separated on 1.5% agarose gel for DNA analysis.
Statistical analysis
The results (mean values 6 s.e.m.) of all the experiments were subjected to statistical analysis by Student's t-test. The level of significance was set at P,0.05 and P,0.01.
